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1. Introduction {#celc201900805-sec-0001}
===============

Dynamic multi‐frequency analysis (DMFA) has been proposed as a new method for the acquisition of high quality dynamic impedance spectra and extraction of kinetic parameters of electrochemical systems under non‐stationary conditions i. e. while their properties are changing due to an on‐going process.[1](#celc201900805-bib-0001){ref-type="ref"}, [2](#celc201900805-bib-0002){ref-type="ref"}, [3](#celc201900805-bib-0003){ref-type="ref"} This method is based on a multi‐sine excitation, which perturbs a time variant system. By using quadrature filters, it is possible to simultaneously evaluate the dynamic impedance in a broad range of frequencies as a function of the time domain. In contrast to that, in classic electrochemical impedance spectroscopy (EIS), different frequencies perturb the system successively,[4](#celc201900805-bib-0004){ref-type="ref"}, [5](#celc201900805-bib-0005){ref-type="ref"}, [6](#celc201900805-bib-0006){ref-type="ref"} rendering this tool unsuited for time evolving electrochemical systems.

The concept of dynamic impedance spectroscopy has evolved over the years since its inception in the 1970s by Bond et al.,[7](#celc201900805-bib-0007){ref-type="ref"}, [8](#celc201900805-bib-0008){ref-type="ref"} who superimposed a multi‐sine potential onto a DC triangular waveform with a ramp or staircase potential variation and thus allowing measuring the admittance as a function of the DC potential. This technique was further developed in the late 1990s by Haze et al.[9](#celc201900805-bib-0009){ref-type="ref"} The advances in information technology allowed for the development of microcomputer‐based instrumentation, which enabled high quality Fourier transform to be used to extract impedance spectra over a wide range of frequencies and DC potentials. Since the system is time variant, the accuracy of the Fourier transform is rather low, due to the presence of spectral leakage.[3](#celc201900805-bib-0003){ref-type="ref"} The interferences increase with the degree of non‐stationarity and non‐linearity of the system, as well as with a decrease in frequency of the multi‐sine.[2](#celc201900805-bib-0002){ref-type="ref"}, [10](#celc201900805-bib-0010){ref-type="ref"} Hence, Stoynov et al. reported a numerical method that allows for the estimation of the errors that occur due to the time delay during measurement.[11](#celc201900805-bib-0011){ref-type="ref"}

Recently, the concept of DMFA and analysis of non‐stationary impedance using classic electrical equivalent circuit (EECs) was reported by our research group.[1](#celc201900805-bib-0001){ref-type="ref"} Subsequently, it was shown that it is possible to obtain high quality impedance spectra by optimizing the parameters in the multi‐sine such as frequency distribution and distance between successive frequencies as well as by a proper choice of a quadrature filter.[2](#celc201900805-bib-0002){ref-type="ref"} This means that, instead of analyzing the data in pieces in the time domain, a large amount of data (millions of points) are transformed in the frequency domain, where they are then separated in different frequency intervals and properly filtered.[3](#celc201900805-bib-0003){ref-type="ref"} This technique was tested on redox couples[1](#celc201900805-bib-0001){ref-type="ref"}, [2](#celc201900805-bib-0002){ref-type="ref"} and then successfully used for extracting kinetic parameters during hydrogen evolution[12](#celc201900805-bib-0012){ref-type="ref"} and silicon electro‐dissolution.[13](#celc201900805-bib-0013){ref-type="ref"}

In this work, we applied DMFA in studying the reaction kinetics of nickel hexacyanoferrate (NiHCF) thin film. The interest in thin films of Prussian blue derivatives is connected to their fast charging/discharging rates,[14](#celc201900805-bib-0014){ref-type="ref"}, [15](#celc201900805-bib-0015){ref-type="ref"} large ion‐exchange capacities,[16](#celc201900805-bib-0016){ref-type="ref"} low cost and low toxicity,[17](#celc201900805-bib-0017){ref-type="ref"} which makes them interesting materials in various applications such as electrochemically switched ion exchange (ESIX),[18](#celc201900805-bib-0018){ref-type="ref"}, [19](#celc201900805-bib-0019){ref-type="ref"} ion sensing,[20](#celc201900805-bib-0020){ref-type="ref"}, [21](#celc201900805-bib-0021){ref-type="ref"} electrocatalytic,[22](#celc201900805-bib-0022){ref-type="ref"}, [23](#celc201900805-bib-0023){ref-type="ref"} electrochromic and photo‐magnetic applications.[24](#celc201900805-bib-0024){ref-type="ref"}, [25](#celc201900805-bib-0025){ref-type="ref"}, [26](#celc201900805-bib-0026){ref-type="ref"}, [27](#celc201900805-bib-0027){ref-type="ref"}, [28](#celc201900805-bib-0028){ref-type="ref"} The chemical formula of NiHCF is A~n~NiFe(CN)~6~, in which A is the intercalated cation.[16](#celc201900805-bib-0016){ref-type="ref"}, [29](#celc201900805-bib-0029){ref-type="ref"} NiHCF has been described as a non‐selective host structure and the reversible insertion of various cations (Li^+^, Na^+^, K^+^, Cs^+^, NH~4~ ^+^) in this material from single and mixed solutions has been reported.[30](#celc201900805-bib-0030){ref-type="ref"}, [31](#celc201900805-bib-0031){ref-type="ref"}, [32](#celc201900805-bib-0032){ref-type="ref"}, [33](#celc201900805-bib-0033){ref-type="ref"}, [34](#celc201900805-bib-0034){ref-type="ref"}, [35](#celc201900805-bib-0035){ref-type="ref"}, [36](#celc201900805-bib-0036){ref-type="ref"}, [37](#celc201900805-bib-0037){ref-type="ref"}, [38](#celc201900805-bib-0038){ref-type="ref"}

The (de‐)intercalation of cations in NiHCF has been attributed to the (reduction) oxidation of the iron centers followed by the (de‐)insertion of cations in the NiHCF in order to preserve the electroneutrality of the host structure.[31](#celc201900805-bib-0031){ref-type="ref"}, [38](#celc201900805-bib-0038){ref-type="ref"} NiHCF shares the open framework structure and electrochemical behavior of other cyanometallates.[39](#celc201900805-bib-0039){ref-type="ref"}, [40](#celc201900805-bib-0040){ref-type="ref"}, [41](#celc201900805-bib-0041){ref-type="ref"}, [42](#celc201900805-bib-0042){ref-type="ref"} The large interstitial sites within this open framework allows reversible insertion of various cations or zeolitic water.[41](#celc201900805-bib-0041){ref-type="ref"}, [42](#celc201900805-bib-0042){ref-type="ref"}, [43](#celc201900805-bib-0043){ref-type="ref"} Thin films of NiHCF have been successfully grown by two methods: anodic derivatization from a nickel surface[44](#celc201900805-bib-0044){ref-type="ref"} and cathodic deposition onto a conductive substrate.[31](#celc201900805-bib-0031){ref-type="ref"} In anodic derivatization, the film forms upon oxidation of metallic nickel to divalent nickel ions, which precipitate as NiHCF on the electrode\'s surface in the presence of ferricyanide anions. In cathodic deposition, a metastable solution containing ferricyanide and divalent nickel is used; reduction of the ferricyanide on an inert surface leads to precipitation of NiHCF analogously to Prussian blue deposition. Ion‐exchange capacities for cathodically deposited films are normally much greater than those for anodically derivatized films, though many of their cation intercalation traits appear identical.[16](#celc201900805-bib-0016){ref-type="ref"}, [45](#celc201900805-bib-0045){ref-type="ref"}

It has been reported that cathodically deposited NiHCF thin films are more similar to the "insoluble" Prussian Blue i. e. A~4~Ni~4~ ^II^\[Fe^II^(CN)~6~\]~3~, than the "soluble" form (A~2~Ni^II^\[Fe^II^(CN)~6~\]~4~).[16](#celc201900805-bib-0016){ref-type="ref"} It is interesting to stress that cathodically deposited NiHCF has been reported to be unstable[46](#celc201900805-bib-0046){ref-type="ref"} and it tends to undergo irreversible changes during cycling, thus making this system difficult to study by means of conventional stationary electrochemical impedance spectroscopy. Such systems may experience degradation during the acquisition of the low frequencies impedance data and could lead to impedance spectra showing uncommon shapes such as inductive loops which leads to incorrect interpretation of reaction mechanisms. This could be one of the reason for the peculiar shape of the impedance spectra reported by Ventosa et al. who have shown for similar films impedance spectra with inductive loop in the low frequency region.[47](#celc201900805-bib-0047){ref-type="ref"} Other possible reason for the inductive loops in the low frequency region could be artefacts from the cell set‐up and the reference electrode. It has been reported that if the impedance of the reference electrode is around 10 kΩ, its coupling with the inherent stray capacitance of the potentiostat may generate distortions in the range of kHz.[48](#celc201900805-bib-0048){ref-type="ref"}, [49](#celc201900805-bib-0049){ref-type="ref"} The classic impedance spectra are acquired in the direction of decreasing frequencies with a certain logarithmically spaced data point density. At high frequencies, the data can be acquired in a short time and hence the drift would have very little effect, however at low frequencies, drift effects would be relatively large and could become significant.[50](#celc201900805-bib-0050){ref-type="ref"} Herein we show that DMFA has the advantage of the simultaneous acquisition of all frequencies at each potential and the ability to acquire impedance spectra while cycling, which make it suitable for the study of kinetics of unstable electrochemical systems and understanding the mechanisms of reactions occurring in such systems.

2. Results and Discussions {#celc201900805-sec-0002}
==========================

2.1. Film Growth {#celc201900805-sec-0003}
----------------

NiHCF thin film growth was observed on the electrode surface while cycling the potential from 0.85 V to 0.00 V vs Ag/AgCl in the electrodeposition solution described in the experimental section. Increase in the anodic and cathodic peak current of the voltammogram, as well as the circulating charge were observed as the cycle number increased as shown in Figure [1](#celc201900805-fig-0001){ref-type="fig"}. The peaks are associated to the (de‐)intercalation of K^+^ in the NiHCF; the increase of the peaks follows the growth of the film thickness. The film growth has been reported to proceed during the reductive potential scans when \[Fe(CN)~6~\]^3−^ is reduced to \[Fe(CN)~6~\]^4−^ and instantaneously reacts with Ni^2+^ and K^+^ present in solution to form sparingly soluble nickel(II) hexacyanoferrate(II) deposit on the electrode surface with the formula K~2~Ni\[Fe(CN)~6~\].[31](#celc201900805-bib-0031){ref-type="ref"}

![Cyclic voltammogram obtained during the electrodeposition of NiHCF in a freshly prepared solution of 2 mM K~3~Fe(CN)~6~, 2 mM NiSO~4~ and 0.5 M K~2~SO~4~ using a scan rate of 25 mV s^−1^.](CELC-6-5387-g001){#celc201900805-fig-0001}

The voltammogram obtained during the electrodeposition exhibited a shouldered peak (Figure [1](#celc201900805-fig-0001){ref-type="fig"}) which has been attributed to the reversible insertion of K^+^ in two stable forms of the NiHCF.[31](#celc201900805-bib-0031){ref-type="ref"} The shouldered peak could also be attributed to interactions between redox sites and intercalated sites. An ideal curve with well‐defined shape is obtained for the ideal model where NiHCF is assumed to be an ideal solution. This is often not the case as we have reported in our previous publication.[29](#celc201900805-bib-0029){ref-type="ref"} The deposition of the film is stopped when the voltammogram becomes stable upon cycling as seen in Figure [1](#celc201900805-fig-0001){ref-type="fig"}. The charge consumed on reduction of the electrodeposited NiHCF thin film was calculated from the integral of the cathodic part of the cyclic voltammogram and it was equal to . 5.9 mC ⋅ cm^−2^. The thickness of the film estimated from the charge was ca. 100 nm.

2.2. Structural Characterization of Film {#celc201900805-sec-0004}
----------------------------------------

The surface morphology of the electrodeposited NiHCF suggests that the film deposited on the GCE surface is not compact. Particle agglomeration was observed in the SEM image obtained (Figure [2](#celc201900805-fig-0002){ref-type="fig"}a). The elements K, Ni, Fe, C and N were detected in the EDXA spectra (Figure [2](#celc201900805-fig-0002){ref-type="fig"}b). The high carbon content originates from the GCE electrode. The Fe : K : Ni ratio was estimated to be 1 : 1 : 1.4 from the EDS results suggesting a chemical formula KNi~1.42~\[Fe(CN)~6~\], similar to what has been reported in literature as the insoluble form of the Prussian blue derivative.[16](#celc201900805-bib-0016){ref-type="ref"}, [51](#celc201900805-bib-0051){ref-type="ref"}

![(a) SEM image of the GCE electrode surface covered with NiHCF (b) EDX pattern of the GCE electrode surface covered with NiHCF.](CELC-6-5387-g002){#celc201900805-fig-0002}

2.3. Quasi Cyclic Voltammogram {#celc201900805-sec-0005}
------------------------------

The deposited NiHCF was tested in solutions containing K^+^ and Na^+^ ions by applying the quasi‐triangular wave at a scan rate of 200 mV s^−1^. The voltammogram (Figure [3](#celc201900805-fig-0003){ref-type="fig"}) shows peaks associated with the reversible insertion of both cations (K^+^ and Na^+^) with K^+^ exhibiting a shouldered peak. In contrast to the shouldered peak observed in K^+^, the voltammogram obtained during the (de‐)insertion of Na^+^ exhibited a single peak. The reversible insertion of univalent cations in NiHCF is depicted below in Equation [(1)](#celc201900805-disp-0001){ref-type="disp-formula"}:$${ANIi}\left\lbrack {Fe}{}^{III}{CN}{}_{6} \right\rbrack + A{}^{+} + e{}^{-}\overset{\rightarrow}{\leftarrow}A{}_{2}{Ni}\left\lbrack {Fe}{}^{II}{CN}{}_{6} \right\rbrack$$

![Cyclic voltammogram obtained from the quasi triangular wave applied to the NiHCF thin films in 0.5 M A~2~SO~4~ solution (A=K, Na) using a scan rate of 200 mV s^−1^.](CELC-6-5387-g003){#celc201900805-fig-0003}

The peak potential for the reversible insertion of the cations follows the hydrated radii as reported widely in literature.[29](#celc201900805-bib-0029){ref-type="ref"}, [52](#celc201900805-bib-0052){ref-type="ref"}, [53](#celc201900805-bib-0053){ref-type="ref"} The difference between the cathodic and the anodic peak ($\Delta E_{p}$ ) for Na^+^ and K^+^ was ca. 60 mV and 80 mV respectively. This low $\Delta E_{p}$ at a scan rate of 200 mV s^−1^ indicates that the charge transfer kinetics is fast.

Hao et al. reported that NiHCF thin films deposited using the cathodic deposition method are quite unstable and exhibit ca. 60 % charge retention after 500 cycles while cycling at 10 mV s^−1^.[46](#celc201900805-bib-0046){ref-type="ref"} To this end, the stability of the oxidized and reduced form was studied to ascertain what potential the NiHCF film can be held before polarization with the multi‐sine wave. The result obtained (Figure S1b in the supporting information) indicates that the reduced form of NiHCF is more stable than the oxidized form.

2.4. Dynamic Multifrequency Analysis and Equivalent Circuit Proposed for Fitting Impedance Spectra {#celc201900805-sec-0006}
--------------------------------------------------------------------------------------------------

The dynamic impedance Z' can be defined as Equation [(2)](#celc201900805-disp-0002){ref-type="disp-formula"};$$Z{}^{'} = \frac{iFT\left\lbrack \Delta U\left( \omega \right).g\left( \omega{}^{'} - \omega \right),bw \right\rbrack}{iFT\left\lbrack \Delta I\left( \omega \right).g\left( \omega{}^{'} - \omega \right),bw \right\rbrack}$$

where $\Delta U$ and $\Delta I$ are the Fourier transform of the potential and the current signals respectively, *ω* is the angular frequency, *g* is a quadrature filter function, and *bw* is the bandwidth of the quadrature filter. In this work, we used a quadrature filter function as reported in Equation 3, where n is equal to 8, and the bandwidth used was 5 Hz. The purpose of the procedure is to optimally resolve the impedance as a function of time and frequencies. The shape of *g* is similar to a flat‐top filter.$$g\left( \omega{}^{'} - \omega,bw \right) = \frac{\left\lbrack 1 + \exp\left( - n \right) \right\rbrack^{2}}{\left\lbrack {1 + \exp\left( - n\frac{\omega{}^{'} - \omega + bw}{bw} \right)} \right\rbrack\left\lbrack {1 + \exp\left( - n\frac{\omega{}^{'} - \omega - bw}{bw} \right)} \right\rbrack}$$

The impedance spectra obtained in 0.5 M Na~2~SO~4~ and K~2~SO~4~ at different potential during the cathodic and anodic scan are shown in Figure [4](#celc201900805-fig-0004){ref-type="fig"} and Figure [5](#celc201900805-fig-0005){ref-type="fig"}. The impedance spectra comprises of a potential dependent depressed semicircle occurring in the high frequency region terminated by a straight line occurring at an angle less than 90° in the low frequency region which has been attributed to a solid‐state diffusion in a porous electrode system.[54](#celc201900805-bib-0054){ref-type="ref"}

![Nyquist plot of impedance spectra obtained in the cathodic scan of NiHCF thin film within the frequency range of 10 Hz to 125 kHz in (a) 0.5 M Na~2~SO~4~ solution at 0.38 V (b) High‐frequency region of the impedance spectra obtained at different potentials during the cathodic scan in 0.5 M Na~2~SO~4~ (c) 0.5 M K~2~SO~4~ solution at 0.51 V (d) High‐frequency region of the impedance spectra obtained at different potentials during the cathodic scan in 0.5 M K~2~SO~4~.](CELC-6-5387-g004){#celc201900805-fig-0004}

![Nyquist plot of the high‐frequency region of the impedance spectra obtained at different potentials during the anodic scan in 0.5 M (a) Na~2~SO~4~ and (b) K~2~SO~4~.](CELC-6-5387-g005){#celc201900805-fig-0005}

The measured impedance spectra were fitted using a model, which assumes that the reversible insertion of the cations occurs through a two‐step process: the first step is the ion‐sorption followed by an the reversible insertion of the cation with a subsequent change in the oxidation state of Fe from +3 to +2 to achieve charge neutrality (second step) \[Eqs. (4) and [(4)](#celc201900805-disp-0004){ref-type="disp-formula"}\]:$$A_{\epsilon}^{+}\overset{\rightharpoonup}{\leftharpoondown}A_{i}^{+}$$ $$A_{i}^{+} + {ANi}\left\lbrack {Fe}{}^{III}{CN}{}_{6} \right\rbrack + e{}^{-}\overset{\rightarrow}{\leftarrow}A{}_{2}{Ni}\left\lbrack {Fe}{}^{II}{CN}{}_{6} \right\rbrack$$

where the subscript *ϵ* and *i* indicate the solution and the inner Helmholtz plane (IHP).

Detailed mathematical description of this model can be found in the supporting information. The equivalent circuit obtained from the model (Figure [6](#celc201900805-fig-0006){ref-type="fig"}a) consists of the uncompensated cell resistance (*R~u~*), resistance of adsorption (*R~ad~*), Warburg impedance in the electrolyte (*Z~Wad~*), which is defined as $Z_{Wad} = \sigma_{ad} \cdot \left( j\omega \right)^{- 0.5}$ , adsorption capacitance ($C_{ad}$ ), charge transfer resistance (*R~ct~*), Warburg impedance in the solid (*Z~Wct~*) described using the finite length diffusion with a reflective boundary $Z_{Wct} = \left( \sigma_{ct}\left( j\omega \right)^{- 0.5} \right) \cdot \coth\sqrt{j\omega\tau}$ .[55](#celc201900805-bib-0055){ref-type="ref"} *C* ~1~ and *C* ~2~ denotes the capacitance of the outer and inner Helmholtz plane respectively.

![(a) Equivalent circuit obtained from the modelling the reversible insertion of cations in aqueous electrolyte as a two‐step process (b) Equivalent circuit used for fitting the measured impedance data obtained from statistical analysis of the equivalent circuit from the model.](CELC-6-5387-g006){#celc201900805-fig-0006}

To avoid over parametrization of the equivalent circuit by physicochemical processes that are very fast or very slow with respect to the the frequency range used in this work, the parameters obtained from the fit were subjected to *t*‐test as shown in a recent publication:[12](#celc201900805-bib-0012){ref-type="ref"} Equation [(6)](#celc201900805-disp-0006){ref-type="disp-formula"}:$$t = \frac{\hat{x}}{\sigma_{\bar{x}}}$$

where $\hat{x}$ is the estimated parameters from the fit of the measured impedance and the model and $\sigma_{\bar{x}}$ is the absolute standard error of the parameters which is obtained from the formal covariance matrix of *χ* ^2^ minimization.[12](#celc201900805-bib-0012){ref-type="ref"} Starting from the equivalent circuit in Figure [6](#celc201900805-fig-0006){ref-type="fig"}a, we removed the parameters which were failing the t‐test until all parameters were above the significance interval of 95 %. The resulting equivalent circuit shown in Figure [6](#celc201900805-fig-0006){ref-type="fig"}b which is obtained from the model with the assumption that the *C~ad~* is much higher than the inner Helmholtz plane capacitance. The equivalent circuit also takes into account that *R~ct~* is very small (i. e. fast insertion process). In our model, *R~ct~* takes into account the limitations due to the further desolvation of the partial desolvated cations and transfer of the desolvated cations across the electrode/electrolyte interface. The hydrated radii of Na^+^ and K^+^ has been reported as 1.83 Å and 1.25 Å respectively while the channels connecting the intercalation sites has been reported to be 1.6 Å,[22](#celc201900805-bib-0022){ref-type="ref"}, [39](#celc201900805-bib-0039){ref-type="ref"} thus it is plausible that the cations are intercalated in their partially desolvated state resulting in the charge transfer process becoming extremely fast. The solid‐state transport in the solid in the equivalent circuit (Figure [6](#celc201900805-fig-0006){ref-type="fig"}b) was also described using the simpler semi‐infinite diffusion against the classic finite length diffusion with reflective boundary used for intercalation electrode. This assumption is valid when $\widetilde{\omega} \gg 1$ where $\widetilde{\omega}$ is the diffusion characteristic frequency,[56](#celc201900805-bib-0056){ref-type="ref"} i. e. when the diffusion time is generally long with respect to the investigated frequency. Further details of the statistical analysis and process for selecting the equivalent circuit can be found in the supporting information.

For fitting the data, the transmission line model (TLM) used to describe Faradaic processes occurring in porous electrode system[57](#celc201900805-bib-0057){ref-type="ref"}, [58](#celc201900805-bib-0058){ref-type="ref"}, [59](#celc201900805-bib-0059){ref-type="ref"}, [60](#celc201900805-bib-0060){ref-type="ref"} was used in this work. This choice is supported not only from the quality of the fitting and shape of the impedance spectra but also from the SEM images which suggest that the electro‐deposited NiHCF is not compact. Schematics of the TLM model is shown in Figure S2 in the supporting information. In this study, we use the simplified TLM model for cylindrical pores in describing the Faradaic process.[59](#celc201900805-bib-0059){ref-type="ref"} The mathematical description of the simplified TLM model is given by Equation [(7)](#celc201900805-disp-0007){ref-type="disp-formula"}:[59](#celc201900805-bib-0059){ref-type="ref"} $$Z_{T}\left( \omega \right) = R_{u} + R_{p}\left\lbrack \frac{\coth\left( kl \right)}{kl} \right\rbrack$$

where *Z~T~* is the total impedance of the electrode, *R~p~* is the resistance of the pores, *l* is the thickness of the pore and *κ* is a dimensionless parameter.The impedance of single reacting sites which is represented by the term $\kappa l$ .[59](#celc201900805-bib-0059){ref-type="ref"} For fitting the impedance spectra, an algorithm based on the non‐linear least squares minimization with an additional constraint on the smoothing of the fitting parameter was used, as reported in.[1](#celc201900805-bib-0001){ref-type="ref"} More details of the fitting algorithm can be found in section S4 of the supporting information. The model fitting procedure of the experimental impedance data had a standard deviation, *χ* ^2^ in the range of 1.3 ⋅ 10^−5^ to 6.0 ⋅ 10^−5^.

In addition to this, we want to stress that the spectra obtained in this work were in contrast with what has been reported by Ventosa et al. for NiHCF and Prussian blue thin films,[47](#celc201900805-bib-0047){ref-type="ref"} where the impedance spectra obtained in NiHCF thin film in aqueous and non‐aqueous solutions of univalent cations in the frequency range of 50 kHz to 100 mHz exhibited an inductive loop in low frequency region. As discussed in the introduction, the origin of this loop could be caused by the instability of the thin films or by artefacts arising from the electrochemical setup. We did not observe the inductive loop in any of the performed experiments, even in static conditions. The results obtained in this work confirms the advantages of DMFA coupled with an optimised set‐up over conventional static EIS in studying the kinetics of unstable or evolving electrochemical systems.

2.5. Dependence of the Kinetic Parameters on the Variation of Electrode Potential {#celc201900805-sec-0007}
---------------------------------------------------------------------------------

The *R~ad~* obtained from the fit for both cations is shown in Figure [7](#celc201900805-fig-0007){ref-type="fig"} and exhibited a dependence on the electrode potential with a minimum around the peak potential in the cyclic voltammogram.

![Variation of the resistance of adsorption (*R~ad~*) on the electrode potential.](CELC-6-5387-g007){#celc201900805-fig-0007}

The potential dependence of *R~ad~* is explained by the description of *R~ad~* obtained from the model which is given by Equation [(8)](#celc201900805-disp-0008){ref-type="disp-formula"}:$$R_{ad} = \frac{RT}{F^{2}k_{1}^{0}\left\lbrack \frac{C_{A_{\epsilon}}}{C_{0}} \right\rbrack^{1 - \alpha_{1}}\left\lbrack 1 - \beta \right\rbrack^{1 - \alpha_{1}}\beta^{\alpha_{1}}}$$

where *F* is Faraday\'s constant, *T* is absolute temperature in Kelvin, $k_{1}^{0}$ is the standard rate constant of the desolvation step, *β* represents the molar fraction of the adsorbed species and *α* ~1~ represents the transfer coefficient for the desolvation step. Equation 8 predicts a decrease in the *R~ad~* when $\beta \leq 0.5$ and increases when $\beta \geq 0.5$ with a minimum when $\beta = 0.5$ which occurs close to the peak potential in the voltammogram assuming a fractional coverage for *β*. The assumption of a fractional coverage for *β* is explained in section S7 of the supporting information. The experimental result was observed to be in good agreement with the model prediction with a single minimum observed for both cations. The *R~ad~* for the de‐insertion of Na^+^ and K^+^ obtained from the fit was in the same order of magnitude which can be attributed to similarity in the hydrated radii of the cations (Na^+^=1.83 Å; K^+^=1.25 Å).[39](#celc201900805-bib-0039){ref-type="ref"}, [61](#celc201900805-bib-0061){ref-type="ref"}

Figure [8](#celc201900805-fig-0008){ref-type="fig"} shows the dependence of *σ~ad~* which describes the mass transport resistance of the desolvated cation in the OHP on electrode potential. *σ~ad~* showed a dependency on the electrode potential and a minimum is observed for both cations in the potential region close to the cathodic/anodic peak in the cyclic voltammogram, as observed also in the electron transfer reaction from/to a redox couple.[1](#celc201900805-bib-0001){ref-type="ref"} A comparison of the minimum *σ~ad~* for Na^+^ and K^+^ indicates that the mass transport limitations are similar for both cations which can be attributed to a similar diffusion coefficient of both cations in aqueous solutions (Na^+^=1.33 ⋅ 10^−5^  *cm* ^2^  *s* ^−1^ and K^+^=1.96 ⋅ 10^−5^  *cm* ^2^  *s* ^−1^).[62](#celc201900805-bib-0062){ref-type="ref"}

![Dependence of the Warburg coefficient in the electrolyte (*σ~ad~*) on the electrode potential.](CELC-6-5387-g008){#celc201900805-fig-0008}

The *σ~ct~* reported in Figure [9](#celc201900805-fig-0009){ref-type="fig"} represents the resistance of the mass transport of the cations in the NiHCF lattice. The *σ~ct~* curve was similar to the current potential curve which can be attributed to the fact that Warbung impedance in the solid can be described $Z_{Wct} = \sigma_{ct}\omega^{- 0.5}/\sqrt{2} - j\sigma_{ct}\omega^{- 0.5}/\sqrt{2}$ , where the second term corresponds to a pseudo‐capacitance $\left( C_{W} \right)$ .[55](#celc201900805-bib-0055){ref-type="ref"}, [56](#celc201900805-bib-0056){ref-type="ref"} This explains the shape of the plot of *σ~ct~* vs the electrode potential as the product of *C~W~* and the scan rate is the charge of the reversible insertion process. The mass transport resistance was observed to be similar for both cations probably due to the similar ionic radius of the cations. The diffusion of different cations in the same intercalating electrode depends on the size of the inserted cation.[63](#celc201900805-bib-0063){ref-type="ref"}

![Variation of the Warburg coefficient in the solid (*σ~ct~*) on the electrode potential.](CELC-6-5387-g009){#celc201900805-fig-0009}

The result obtained from this study suggests that the kinetics of the reversible insertion of cations in NiHCF thin films depends on the electrode composition as well as the inserted cation. It is observed that the kinetic parameters obtained for the cations studied (Na^+^ and K^+^) are in the same order of magnitude indicating similar rates in the kinetics of the de‐insertion of the cations. The similarity in kinetic parameters is related to the ionic and hydrated radii of the cations which plays an important role in the kinetics of de‐insertion process of cations in aqueous medium.

3. Conclusion {#celc201900805-sec-0008}
=============

The results obtained from this study shows that DMFA as a technique coupled with an optimised electrochemical cell set‐up can be used for studying the kinetics of unstable electrochemical system which are difficult to study using the classic electrochemical impedance spectroscopy due to drift effects. DMFA allows for the elucidation of reaction mechanism and extraction of kinetic parameters of such unstable electrochemical systems. The kinetics of the de‐insertion of univalent cations (Na^+^ and K^+^) in NiHCF thin film made by cathodic deposition which exhibits instability in its oxidized form was studied using DMFA. High‐quality impedance spectra were obtained and fitted using the transmission line model (TLM) for porous electrode in an equivalent circuit obtained from modelling the reversible insertion of cation in NiHCF as a two‐step process. The first step corresponds to the partial desolvation of the cation and it is followed by an insertion step, during which change in the oxidation state in the cathode material occurs. This is at variance with some literature, in which by using static impedance a three step mechanism was proposed.[47](#celc201900805-bib-0047){ref-type="ref"} We attributed the observed differences between literature and our results to instability of the thin film and/or distortions due to the cell geometry or reference electrode. The kinetic parameters for both cations (Na^+^ and K^+^) were observed to be in the same order of magnitude indicating similar rates of the kinetic processes which was attributed to similarity in ionic and hydrated radii of the inserted cations. The result obtained in this work highlights the possible application of DMFA in studying the kinetics of cathode and anode materials for batteries, super capacitors and ion pumping techniques allowing for a deeper understanding of the underlying mechanism in these materials which is needed for the optimization of these technologies.

Experimental Section {#celc201900805-sec-0009}
====================

The chemicals used in this study were analytical grade materials and were used as received without further modification. Solutions were prepared using deionized water and all electrochemical measurements were carried out at room temperature. The electrochemical experiments were performed in a three‐electrode cell consisting of a 1 mm diameter glassy carbon electrode (GCE) as the working electrode (WE), a platinum mesh (Labor Platina) as the counter electrode (CE) and Ag/AgCl (3 M KCl) as the reference electrode (RE). The relative potential of the Ag/AgCl (3 M KCl) to the potential of the standard hydrogen electrode was +0.197 V. Artefacts related to the reference electrode where minimized by using a 100 nF capacitive bridge between the CE and RE as reported in reference,[48](#celc201900805-bib-0048){ref-type="ref"} with a similar cell setup. This cell geometry has significant advantages such as reproducibility, minimization of the current line distribution, insensitivity to the position of the RE.[64](#celc201900805-bib-0064){ref-type="ref"} Electrochemical measurements were done using Bio‐Logic SP300 Potentiostat which was connected to a two channel oscilloscope 4262 PicoScope (Pico technology) as well as to a two channel 33512b waveform generator (Keysight) where home‐made MATLAB scripts (release 2015b from the Math Works Inc.) were used to create the desired potential profile of the multi‐sine signal as described in reference.[2](#celc201900805-bib-0002){ref-type="ref"}

Electrodeposition of NiHCF {#celc201900805-sec-0010}
--------------------------

NiHCF thin films were electrodeposited using the cathodic deposition technique.[31](#celc201900805-bib-0031){ref-type="ref"} Briefly, 1 mm diameter GCE was cycled from 0.85 V to 0.00 V vs Ag/AgCl 3 M KCl using a scan rate of 25 mV s^−1^ in a freshly prepared solution of 2 mM K~3~FeCN)~6~ (Sigma‐Aldrich), 2 mM NiSO~4~ (Sigma‐Aldrich) and 0.5 M K~2~SO~4~ (Sigma‐Aldrich). Before cycling, the GCE electrode was polished using 0.250 μm, and 0.1 μm polishing pads (Struers) with the corresponding diamond suspension (Struers) on a polishing machine with 300 rpm. After polishing, the electrode was sonicated in water for 3 minutes and then cleaned electrochemically by cycling in 1 M H~2~SO~4~ from 1.5 V to −0.250 V vs Ag/AgCl using a scan rate of 25 mV s^−1^.

Scanning Electron Microscopy (SEM) and Energy‐Dispersive X‐ray spectroscopy (EDXA) {#celc201900805-sec-0011}
----------------------------------------------------------------------------------

Surface morphology of the NiHCF‐covered GCE electrode were studied using scanning electron microscopy (SEM, FEI Helios NanoLabTM 600 DualBeamTM). Elemental composition of the electrodeposited NiHCF thin films were studied using EDXA. The accelerating voltage used to stimulate the X‐ray emission was 15 keV. X‐rays with energies between 0 and 10 keV were collected and used in identification of the elements using AZTEC 3.3 software from Oxford instruments.

Electrochemical Characterization {#celc201900805-sec-0012}
--------------------------------

The 1 mm diameter GCE covered with NiHCF was tested in solutions containing K^+^ and Na^+^ at concentration of 0.5 M. The electrode was polarized at 100 mV vs Ag/AgCl, to which the quasi‐triangular wave (Figure S1a in the supporting information). and the multi‐sine generated by the arbitrary waveform generator were added. The quasi‐triangular wave was already described in previous publication of our research group.[2](#celc201900805-bib-0002){ref-type="ref"} The current range used for all experiments was 1 mA. The frequency of the quasi‐triangular wave was chosen to be 0.125 Hz, corresponding to a scan rate of 200 mV s^−1^. The base frequency for the multi‐sine was 1.25 Hz, thus the impedance data covered the frequency range from 10 Hz to 125 kHz. The amplitude of the quasi‐triangular and multi‐sine was 400 mV and 175 mV peak to peak respectively. The waveform was smoothed using the incorporated *Trueform* ^*TM*^ filter function in the frequency generator. 10 million samples were recorded in each measurement with a sample rate of 1 μs. 200 impedance spectra were fitted for each cation (100 each for cathodic and anodic polarization); 20 spectra per cation are shown in the supporting information. Details of the design of the frequency distribution of the multi‐sine used in this work is described in detail elsewhere.[2](#celc201900805-bib-0002){ref-type="ref"} The data evaluation was performed using suitable home‐made MATLAB scripts.
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